Stroke is the third leading cause of death and an important factor that may affect morbidity and long-term disability. It has been suggested that ischemic stroke may result in the interruption and/or severe reduction of blood flow in cerebral arteries.
The depletion of energy stores influenced by interruption of the cerebral blood flow can cause several acute metabolic disturbances, such as disruption of ion homeostasis, massive release of excitotoxic amino acids, and free radical formation. The energy failure may lead to membrane depolarization, thus causing reduced activity of ATP-dependent ion pump, Na ϩ /K ϩ -ATPase, which regulates the ionic concentration gradients needed to generate action potentials by neurons.
3) The subsequent depolarization of membranes leads to activated glutamate receptors, of which the N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors are clearly implicated in neurotoxicity, and consequently a further increase in Ca 2ϩ levels. 2, 4, 5) Elevated intracellular Ca 2ϩ causes an increase in cellular oxidative stress that contributes to cell damage, and activates various enzymes such as lipases, proteases, and endonucleases that may damage DNA, cell proteins, and lipids, thus leading to cellular death. 4, 6) It has been indicated that oxidative stress is considered one of the primary risk factors that exacerbate the damage by cerebral ischemia. 7) Several components of reactive oxygen species (ROS) generated after ischemia/reperfusion injury, 
, are known to promote DNA damage, peroxidation of lipids, proteins and carbohydrates, blood brain-barrier break-down, and microglial infiltration in the ischemic territory. 4, 8, 9) Therefore, in vitro H 2 O 2 toxicity has become a wellestablished model for studying the neuropathology of oxidative stress in CNS disorders. Many researches have demonstrated the involvement of glutamate in H 2 O 2 -induced neurotoxicity in cultured neurons.
10) H 2 O 2 and O 2 Ϫ inhibit uptake of glutamate and enhance the release of glutamate, resulting in NMDA receptor overstimulation. 11, 12) There are some reports on H 2 O 2 -induced intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) increase. 13) NMDA receptor is a ligand-gated/voltage-sensitive cation channel, especially highly permeable to Ca 2ϩ . Calcium influx through NMDA receptor-coupled Ca 2ϩ channel appears to be a critical role in the H 2 O 2 -induced neurotoxicity. 11) Moreover, Ca 2ϩ signals activate enzymes, which leads to further ROS generation. Conversely, ROS generation can facilitate [Ca 2ϩ ] i increases by damaging the [Ca 2ϩ ] i regulatory mechanism and activating Ca 2ϩ release from intracellular Ca 2ϩ stores. 14) Experimental ischemia/reperfusion models have been extensively studied, [15] [16] [17] and the cumulative evidence suggests involvement of oxygen radicals in the pathogenesis of ischemic lesions. 8 which cerebral blood flow is reduced by occluded vessels in brain regions. 15) These models allow us to study focal brain ischemia within the intact skull free from changes in cerebrospinal fluid dynamics or damage to the surrounding nerve plexus of the middle cerebral artery. Therefore, H 2 O 2 -induced neurotoxicity in cultured neurons and MCAO in rats were used as in vitro and in vivo models of cerebral ischemia, respectively, in the current study.
Sanguisorbae radix (SR), the dried root of Sanguisorba officinalis L. (Rosaceae), has hemostatic, analgesic, and astringent properties, and thus has been used in traditional oriental medicine for the treatment of diarrhea, chronic intestinal infections, duodenal ulcers, and bleeding. 18, 19) It has been also reported to have anti-infection, anti-inflammatory, anti-allergic, and anxiolytic activity. [20] [21] [22] [23] SR and its active components have been demonstrated to have antioxidant activity in vivo and in vitro. 21, [24] [25] [26] Since ROS and inflammatory theory are well accepted among a complex series of pathophysiological events in neurodegenerative diseases such as AD and stroke, free radical scavengers and anti-inflammatory agents have attracted considerable attention as potential neuroprotective agents. In an attempt to find potential antineurodegenerativities from plants, we screened many crude extracts of oriental medicinal herbs found in Korea, especially those known for their antioxidant and anti-inflammatory effects, and observed that SR shows significant neuroprotective effects in neuronal cultures. Our previous work has shown that methanol extract of SR prevents neuronal cell damage induced by amyloid b protein (Ab) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) in cultured neurons.
27) The present study aimed to investigate the protective effect of SR against ischemia-induced brain infarction following MCAO in rats, as well as the effect of SR on H 2 O 2 -induced neuronal damage using cultured rat cortical neurons to elucidate the neuroprotective mechanism of SR. Animals Sprague-Dawley (SD) rats (Daehan Biolink Co., Ltd., Eumsung, Chungbuk, Korea) were housed in an environmentally controlled room at 22Ϯ2°C, with a relative humidity of 55Ϯ5%, a 12 h light/dark cycle, and food and water ad libitum. The procedures involving experimental animals complied with the regulations for the care and use of laboratory animals of the animal ethics committee of Chungbuk National University.
MATERIALS AND METHODS

Materials
Neuronal Cell Culture Primary cortical neuron cultures were prepared using embryonic day 15 to 16 (E15-E16) SD rat fetuses, as described previously. 30) Briefly, fetuses were isolated from a dam anaesthetized with ether. Cortical hemispheres were dissected under sterile conditions and placed into Joklik-modified Eagle's medium containing trypsin (0.25 mg/ml). After slight trituration through a 5-ml pipette 5-6 times, the cells were incubated at 37°C for 10 min. Dissociated neurons were collected by centrifugation (1500 rpm, 5 min) and resuspended in DMEM supplemented with sodium pyruvate (0.9 mM), L-glutamine (3.64 mM), sodium bicarbonate (40 mM), glucose (22.73 mM), penicillin (40 UI/ml), gentamicin (50 mg/ml), KCl (5 mM), and 10% fetal bovine serum at a density of about 2ϫ10 6 cells/ml. Neurons were plated onto poly-L-lysine-coated 12-well plates (3512; Corning, NY, U.S.A.) for the measurements of cell death and glutamate release, coverslips (KG 97922; Marlenfeld GmbH& Co., Lauda-Konlgshofen, Germany) for [Ca 2ϩ ] i , ROS, and apoptosis. After 2 d incubation, the medium was replaced with a new growth medium in which the concentrations of fetal bovine serum and KCl were changed to 5% and 15 mM, respectively. Cultures were kept at 37°C in a 5% CO 2 atmosphere, changing the medium twice/week. Neurotoxicity experiments were performed on neurons after 4-6 d in culture. Immunochemical staining with anti-microtubule associated protein-2 (MAP-2) antibody and anti-glial fibrillary acidic protein (GFAP) antibody revealed that the culture method used in this study provided cell cultures containing about 90% neurons.
Neurotoxicity Experiments The culture medium was removed and neurons were washed with a HEPES-buffered solution (incubation buffer) containing 8.6 mM HEPES, 154 mM NaCl, 5.6 mM KCl, and 2.3 mM CaCl 2 , at pH 7.4. They were then incubated for 20 min in the same medium, and incubated for a further 15 min (unless otherwise indicated) in the presence of 100 mM H 2 O 2 at 37°C. After exposure to H 2 O 2 , the neurons were washed and post-incubated in H 2 O 2 -free and serum-free growth medium for 12 h for the measurement of cell viability. H 2 O 2 was diluted freshly with the incubation buffer for each experiment. SR and its compounds, catechin and gallic acid, were dissolved in methanol with the concentration of 100 mg/ml and 100 mM, respectively, and further diluted with experimental buffers. The final concentration of methanol was Յ0.1%, which did not affect cell viability. MK-801 and verapamil were solubilized in experimental buffers. For each experiment, SR, catechin, gallic acid, MK-801 (5 mM), and verapamil (20 mM) were added 20 min prior to treatment with H 2 O 2 , and were also present in the buffer during H 2 O 2 incubation and post-incubation.
MTT Reduction Assay for Neuronal Viability This method is based on the reduction of the tetrazolium salt MTT into a crystalline blue formazan product by the cellular oxidoreductase. 31) Therefore, the amount of formazan produced is proportional to the viable cells. At the end of the incubation, the culture medium was replaced by a solution of MTT (0.5 mg/ml) in serum-free growth medium. After 4-h incubation at 37°C, this solution was removed, the resulting blue formazan was solubilized in 0.25 ml of acidic isopropanol (0.04 N HCl in isopropanol), and the optical density was read at 570 nm using a microplate reader (EL X 808, Bio-Tek, Vermont, U.S.A.). Serum-free growth medium was used as blank solution. Results are expressed as the percentage of MTT reduction, with the absorbance of control cells normalized to 100%.
Measurement of Apoptotic Neuronal Death Apoptotic neuronal death was characterized by Hoechst 33342 staining. 30) After post-incubation as described above, neurons on coverslips were fixed in 4% paraformaldehyde at room temperature for 20 min and then stained with 1 mg/ml Hoechst 33342 in the incubation buffer for 15 min. The dye was excited at 340 nm, and emission was filtered with a 510-nm barrier filter UV illumination using a fluorescence microscope (IX70-FL, Olympus, Tokyo, Japan). Neurons with fragmented or condensed DNA and normal DNA were counted and the data are presented as apoptotic neurons as a percentage of total neurons. 33) Briefly, after a small aliquot was collected from the culture wells, glutamate was separated on an analytical column (ODS2; particle size, 5 mm; 4.6ϫ100 mm) after pre-derivatization with o-phthaldialdehyde/2-mercaptoethanol. Derivatives were detected by electrochemistry at 0.1 mA/V, and the reference electrode was set at 0.7 V. The column was eluted with mobile phase (pH 5.20) containing 0.1 M sodium phosphate buffer with 37% (v/v) HPLC-grade methanol at a flow rate of 0.5 ml/min.
Measurement of ROS Generation A microfluorescence assay of 2Ј,7Ј-dichlorofluorescein (DCF), the fluorescent product of H 2 DCF-DA, was used to monitor generation of ROS. Neurons, grown on coverslips, were washed with incubation buffer and incubated with 100 mM H 2 O 2 in the buffer at 37°C for 60 min. Neurons were incubated in 5 mM H 2 DCF-DA for the last 10 min of the H 2 O 2 incubation. After washing, coverslips containing neurons loaded with H 2 DCF-DA were mounted and the neurons were observed using a laser scanning confocal microscope (Leica Microsystems, Heidelberg GmbH, Wetzlar, Germany) with 488-nm excitation and 510-nm emission filters. The average pixel intensity of fluorescence was measured in each cell in the field and expressed in relative units of DCF fluorescence. Values for the average staining intensity per cell were obtained using the image analyzing software supplied by the manufacturer.
MCAO-Induced Focal Cerebral Ischemia in Rats
Before surgery, male SD rats weighing 250-280 g were fasted overnight with free access to water. Focal cerebral ischemia was produced by a modification of the monofilament method as described by Longa et al. 17) Briefly, rats were anesthetized with isoflurane (initiated with 5% and maintained at 2%) in 75% N 2 /25% O 2 . Rectal temperature was maintained at 37-38°C throughout the surgical procedure by covering the animals with a heating pad. The right carotid bifurcation was exposed through a midline neck incision, and a filament with a rounded tip and a distal cylinder of silicon rubber (0.30 mm in diameter) was introduced into the external carotid artery. A suture was then inserted 18-20 mm from the carotid bifurcation and was withdrawn 2 h later to allow reperfusion. In sham-operated rats, the right common carotid artery was exposed and the external carotid artery was opened without introducing the filament into the internal carotid artery. SR (10, 30 mg/kg) was orally administered 3 times: 0.5 h before occlusion, 1 h after occlusion, and 1 h after reperfusion.
Measurement of Infarct and Edema Volume Rats were anesthetized with diethyl ether and sacrificed by decapitation 24 h after reperfusion. Brains were quickly removed and cut into six coronal sections, 2 mm thick, using a rat brain matrix (ASI ® Instruments Inc., Warren, MI, U.S.A.). The sections were stained with 2% TTC in saline at 37°C for 30 min in the dark and photographed. 34) These images were analyzed using a computerized image analyzing system (Optimas 6.1, Media Cybernetics, Silver Springs, MD, U.S.A.). The infarct area in each slice was calculated by subtracting the normal ipsilateral area from that of the contralateral hemisphere to reduce errors due to cerebral edema and was presented as a percentage relative to the area of the contralateral hemisphere. 35) In parallel with infarct area, the edema volume in each slice was calculated by comparing the area of the ipsilateral hemisphere to the contralateral hemisphere, as described previously.
36)
Neurological Deficits After 24 h of reperfusion, the neurological status of the animals was evaluated according to a previous report. 37) Five categories of neurological finding were scored: 0, no apparent deficit; 1, contralateral forelimb flection; 2, decreased grip of contralateral forelimb; 3, contralateral circling if pulled by tail; 4, spontaneous contralateral circling.
Statistical Analysis Data are expressed as meanϮ S.E.M., and statistical significance was assessed by one-way analysis of variance (ANOVA) and Tukey's tests. pϽ0.05 was considered significant.
RESULTS
SR Protects Neurons against Cell Death Induced by H 2 O 2
The MTT assay was used to quantify cell death in response to H 2 O 2 treatment. The concentration of 100 mM was used for the determination of H 2 O 2 -induced neuronal cell damage in the present experiments based on previous studies. 38) When cerebral cortical neurons were exposed to 100 mM H 2 O 2 , MTT absorbance was 64.5Ϯ1.1% of that of untreated controls, indicating that H 2 O 2 resulted in neuronal cell death. MK-801 (5 mM), an NMDA antagonist, and verapamil (20 mM), an L-type Ca 2ϩ channel blocker, significantly inhibited the decrease of MTT reduction caused by 100 mM H 2 O 2 . In cultures treated with SR (10, 30, 50 mg/ml), H 2 O 2 -induced neuronal death was significantly reduced (MTT, 74.9Ϯ0.7%, 80.3Ϯ1.0%, 83.1Ϯ1.4%, respectively). To determine which components of SR exhibit neuroprotective activity, we isolated catechin and gallic acid from SR. In separate experiments, only catechin exhibited protective effects against H 2 O 2 -induced neuronal death. Pretreatment with catechtin (10, 50, 100 mM) showed 50.2Ϯ2.1, 60.8Ϯ3.2, and 72.2Ϯ2.6% of MTT reduction, respectively, compared with 44.3Ϯ2.1% in 100 mM H 2 O 2 -treated neurons (Fig. 1) .
Chromatin condensation and nuclear fragmentation were observed in neurons treated with 100 mM H 2 O 2 , whereas the control culture showed round blue nuclei of viable neurons in Hoechst 33342 staining. Treatment of neurons with 100 mM H 2 O 2 produced apoptosis in 27.9Ϯ0.9% of cultured cortical neurons, compared with 10.5Ϯ0.5% apoptotic neurons in control cultures. The addition of SR (10, 30, 50 mg/ml) significantly decreased H 2 O 2 -induced apoptotic neuronal death to 19.0Ϯ0.7%, 16.9Ϯ0.5%, and 14.8Ϯ0.6% apoptotic neurons, respectively. MK-801 (5 mM), verapamil (20 mM), and catechin (10, 50, 100 mM) also showed significant inhibition of 100 mM H 2 O 2 -induced neuronal apoptosis (Fig. 2) .
SR Inhibits H 2 O 2 -Induced Elevation of [Ca
2؉
] i Increase of [Ca 2ϩ ] i has been postulated to be associated with H 2 O 2 -induced cell death in many studies. As shown in Fig. 3 (Fig. 5) . SR did not show direct reaction with H 2 DCF-DA to generate fluorescence (data not shown).
SR Protects Rat Brain against MCAO-Induced Focal
Cerebral Ischemia MCAO for 2 h, followed by a 24-h reperfusion, resulted in a large ipsilateral cerebral infarction as shown in TTC-stained coronal sections of rat brain. Representative brain slices from sham-operated and vehicle-and SR-treated rats showed that normal brain tissue was stained deep red, whereas the infarct tissue was not stained by TTC. MCAO caused serious brain infarct in vehicle-treated rats, whereas sham-operated rats kept normal brain tissue. In contrast, the infarction areas were significantly decreased in SRtreated rats (Fig. 6 ). In preliminary experiments in which the dose range of 10-100 mg/kg was used, we demonstrated that 30 mg/kg of SR showed a maximal effect. Table 1 summarizes the effects of SR (10, 30 mg/kg) on cerebral infarction and edema, and neurological deficit in this rat brain focal ischemia model. SR (10, 30 mg/kg) significantly reduced infarction and edema, compared with vehicle-treated control rats. Similarly, neurological deficit scores were also significantly reduced in SR-treated rats. Rat body temperatures were monitored for 6 h after cerebral reperfusion commenced, and no significant differences were observed be- tween the groups (data not shown). Thus the observed neuroprotective effects of SR were not attributable to hypothermic effects. 10, 11, 13) Meanwhile, others have demonstrated the association of both necrosis and apoptosis with H 2 O 2 -induced neuronal death. 40, 41) In the present study, cultured cortical neurons exposed to H 2 O 2 transiently followed by 12-h post-incubation with H 2 O 2 -free medium showed an increase in chromatin condensation, a typical characteristic of apoptotic cell death, indicating that apoptotic process was mostly involved in the death. Neuronal cells exposed to H 2 O 2 produce membrane depolarization depending on the increased permeability to Na 14) It could be also suggested that ROS-scavenging activity of SR possibly attributable to catechin played a critical role in neuronal survival, since catechin has been shown to have neuroprotective property directly associated with ROS-scavenging activity. 46, 47) Future study to elucidate the precise mechanism should be performed.
DISCUSSION
ROS are one of the crucial mediators in the involvement of neuronal cell death after cerebral ischemia and reperfusion. 8) Furthermore, excitotoxicity through overactivation of NMDA receptors has been established as an important trigger of tissue damage in focal cerebral ischemia. 48, 49) Our previous data also demonstrated that brain damage in MCAO-induced focal cerebral ischemia was blocked by the NMDA receptor antagonist MK-801. 30) In addition, many reports have demonstrated that antioxidants such as glutathione, superoxide dismutase, and tocopherol, NAME, a NOS inhibiter, and Ca 2ϩ channel antagonists such as amlodipine and azelnidipine protect against MCAO-induced focal ischemia in rats. [50] [51] [52] SR showed predominant inhibitory effect on H 2 O 2 -induced neuronal death, [Ca 2ϩ ] i elevation, glutamate release, and ROS generation in cultured cortical neurons. Therefore, we hypothesized that SR could prevent ischemia-induced brain damage. The rat MCAO model with reperfusion mimics many features of stroke in humans, since the middle cerebral artery, which is the specific occlusion site in this model, is the most commonly affected vessel in both embolic and thrombotic stroke in humans. 17, 53) Infarction and edema are the two main pathophysiological changes observed in cerebral ischemia. 16) Brains in response to cerebral ischemia or trauma may show structural and biochemical changes in areas distant from the ischemic lesion. These changes may be attributable to edema, which can compress cells in either the ipsilateral or contralateral hemisphere. Furthermore, significant impairment in neurological function was observed after reperfusion, and the severity of neurological deficit has been correlated with an increase in the size of the lesion. 54) Using the rat MCAO model, the present study demonstrated that SR is a potent neuroprotectant in transient brain ischemia. In addition to the in vitro neuroprotective effects of SR, SR effectively decreased infarct volume and edema in the brain in the in vivo rat MCAO model. This result was supported by an attenuation of the MCAO-induced neurological deficits when rats were administered SR. Many studies have suggested the protection of catechins, quercetin, and kaempferol, known to be contained in SR, against oxidative stress-induced neuronal damage in cultures and ischemia-induced rat brain damage. [55] [56] [57] [58] [59] [60] Catechin isolated from SR prevented H 2 O 2 -induced neuronal death in cultures in the present study. It is thus presumed that catechin might be partly responsible for the anti-ischemic effect of SR. However, gallic acid, a possible ischemic inhibitor as a strong inhibitor of Ab (25-35)-induced neuronal damage, 33) was ineffective in preventing H 2 O 2 -induced neuronal death. Further study should be carried out to clarify the active principles of SR for anti-ischemic activity.
Ethanolic extract of Sanguisorba elicited a significant inhibition of acetylcholinesterase and an antioxidant activity, indicating the possible availability for prevention or alleviation of Alzheimer disease (AD). 61) Our previous reports have shown neuroprotective effects of SR and gallic acid, an active compound isolated from SR, on Ab (25-35)-induced neuronal death in cultures. 27, 33) Moreover, SR was proposed as a good candidate for b-secretase, an important enzyme for the production of Ab in AD, inhibitor in our previous report, 62) suggesting that SR has good potential for prevention of AD. SR blocked H 2 O 2 -induced neuronal cell damage in vitro and MCAO-induced ischemic brain damage in vivo. It was first demonstrated that SR has neuroprotective effect against oxidative brain damage in the present study. Taken together, it is suggested that SR has potential benefits for the protection of neurodegenerative diseases such as stroke and AD.
These results, in conclusion, suggest that antioxidant activity of SR might be responsible for the neuroprotective effects of SR against ischemia-induced brain damage, and that SR might be a promising agent for the treatment of neurodegenerative disorders such as stroke.
